Abstract-This paper develops and applies an inductive directional coupling technology based on spread spectrum time domain reflectometry for non-intrusive power cable fault diagnosis. Different from existing capacitive coupling approaches with large signal attenuation, an inductive coupling approach with a capacitive trapper is proposed to reduce signal attenuation, restrict transmitting the detection signal to power source, and eliminate the effect of the power source impedance mismatch. Moreover, a novel structure with two parallel couplers is developed to enhance the effect of capacitive trapper with small capacitance. The development, design, analysis, and implementation of the proposed approach are discussed in details. A series of simulations and experiments on cables with different fault modes at different locations are conducted, along with comparison with existing capacitive coupling approaches, to verify and demonstrate the effectiveness of the proposed method.
I. INTRODUCTION
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ESPITE the rapid development of power transmission technology, wired networks remains a fundamental pillar for the power transmission and signal transmission in aerospace, automotive, telecommunications, and energy distribution. Stress factors, including water, ultraviolet ray, temperature, vibration, overload, and aging [1] , will cause degradation of cable conditions and eventually lead to failures, such as open circuits, short circuits, and intermittent faults. These faults, if not properly handled, may lead to onboard fires, system damage, power interruptions, or other catastrophic incidents. Therefore, the research on on-line detection and positioning of cable faults is important as it monitors the health of the cable in real time to improve the reliability of the power and signal transmission on cables [2] . C. Gao, L. Wang, J. Mao, S. Hu, and S. Yang are with the Department of Electrical Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210000, China (e-mail: gaochuang@nuaa.edu.cn; liwang@nuaa.edu.cn; maojianmei@nuaa.edu.cn; husuyang@nuaa.edu.cn; yshanshui@nuaa.edu.cn).
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Digital Object Identifier 10.1109/ TPWRD.2019.2918173 In the past decades, reflectometry techniques were developed and widely used for cable fault diagnosis [1] because of their advantages in real-time processing and easy design. According to the incident signals, reflectometry methods are divided into Time Domain Reflectometry (TDR) [3] - [5] , Frequency Domain Reflectometry (FDR) [6] , Sequence Time Domain Reflectometry (STDR) [7] , [8] , Spread Spectrum Time Domain Reflectometry (SSTDR) [7] , [8] , Joint Time-frequency Domain Reflectometry (JTFDR) [9] , and Noise Domain Reflectometry (NDR) [10] . Among these methods, NDR, STDR, SSTDR, and JTFDR [11] - [15] are capable for online diagnosis. Notably, SSTDR has advantages over others in high performance of anti-interference, which means no influence on normal operation of systems.
Although these reflectometry methods show successes in cable diagnosis, they are contact techniques that require a detection device being connected to a test cable for sending incident signals and receiving reflected signals. To deploy these contact cable diagnosis approaches, the existing cable system needs to be disconnected to enable the connection of detection devices. That will greatly increase the complexity and cost of deployment and maintenance. It is, therefore, desirable to develop nonintrusive cable fault diagnostic approaches. Since non-intrusive techniques do not puncture or remove the protective shield and sheath surrounding the cable, they are ideal from the perspective of safety and infrastructural preservation [21] .
To this end, wireless sensors, such as conformal surface wave (CSW) emitter, Rogowski coils [16] , and Pearson coils, were developed for non-intrusive detection of power line faults [17] - [20] . In these wireless designs, the sensor's shape, cost, and weight are often not optimal. Existing wireless sensors have limited capacity in data processing, long battery charging time, battery life, and large volume/weight [19] . For these reasons, many research efforts have been conducted to develop non-intrusive coupling approaches [22] - [25] . Instead of directly injecting signals to the conductor of cable under test, the coupling technique injects an incident signal to cable by different kinds of couplers. The reflected signal is also coupled to the receiver. Since these non-intrusive coupling methods avoid the electric connection between the detection device and the cable, they are safer, more practical, and easier to use than direct inject methods.
Non-intrusive coupling methods can be divided into capacitive coupling and inductive coupling [22] . There are two types of capacitive coupling methods: direct capacitive coupling and non-contact capacitor coupling [23] . Although direct capacitive coupling (realized by lumped-element capacitor) has small signal attenuation, it is still a contact technique in which the coupling device needs to contact the cable conductor layer directly [22] . Non-contact capacitive coupling, however, has much larger signal attenuation [23] , which limits its applications to cable fault detection. A multiple inductive couplers chirp reflectometry system with multiple resolutions was proposed recently to localize fault online [27] . In these existing works, however, inductive coupler is not introduced. Different from capacitive coupling, inductive coupling is based on the theory of transformer, which makes inductive coupler simple and avoids the direct contact of wire and detection device. This motivates our research on inductive coupling-based non-intrusive approaches in this paper.
For both non-intrusive and contact reflectometry techniques, coupled (non-intrusive) and injected (contact) incident signals transmit in two directions: the power direction and the load direction. Under broadband reflectometry signals, the impedance of cable is different from that of the power, which leads to false alarm of cable diagnosis [13] and is an open problem not yet addressed in capacitive non-intrusive cable fault diagnosis [23] . Multiple inductive couplers method was introduced to address this problem [27] . However, the signal attenuation caused by bidirectional transmission is not yet solved [27] .
To address above-mentioned limitations, this paper proposes an inductive directional coupling SSTDR for non-intrusive cable diagnosis. The contributions include: 1) Propose a non-intrusive inductive coupling method that integrates with SSTDR for cable diagnosis; 2) Propose a capacitive trapper in inductive coupling to restrict the detection signal from transmitting to power source and to eliminate the effect of the power source impedance mismatch; 3) Propose a novel structure with two parallel couplers to enhance the effect of capacitive trapper with small capacitance; and 4) Conduct thorough simulations and experimental verifications with comparison to existing approaches to verify the proposed method. Compared with the existing methods, the proposed method has novelties in terms of inductive coupling with lower signal attenuation in coupling and advanced structure for misclassification by impedance mismatch from power source.
The paper is organized as follows: Section II analyzes the theory of inductive directional non-intrusive cable fault diagnosis. Section III discusses the design of inductive coupler and the capacitive trapper. Section IV analyzes attenuation characteristics and develops parallel couplers and impedance matching method. Section V provides experimental results for verification of the proposed approaches, which is followed by concluding remarks in Section VI. Figure 1 shows the diagram of cable fault diagnosis by SSTDR. According to the reflectometry theory, a sine wave is 1:1 modulated by an m-sequence pseudo-noise (PN) code, which results in a binary phase shift keyed (BPSK) signal. This signal is injected to the cable at the point A. When the signal transmits to the fault point C, it is reflected and the reflected signal is collected at the point A. The detection device then calculates the cross correlation of the incident signal and the reflected signal to identify the fault type and the location. When the circuit fails, as shown in Fig. 2 , the fault type can be determined by the polarity of the reflected signal relative to the incident signal. The polarity of open circuit fault is positive and the polarity of short circuit fault is negative.
II. THEORY OF INDUCTIVE DIRECTIONAL NON-INTRUSIVE CABLE FAULT DIAGNOSIS
A. Theory of Cable Fault Diagnosis by SSTDR
The fault location, measured as the distance l from the point A, where the incident signal is injected, to the fault location C, can be calculated as:
where v is the wave propagation velocity and t is the time for the wave propagating from the monitoring point (A) to the impedance mismatch point (C) and then reflected back to point (A). According tos calculated as: Where f n is the sampling frequency, ε r is the dielectric constant of the insulting material, and c is the speed of light. The propagation velocity of the incident signal is about 2 × 10 8 m/s. To design detection signal, maximum detection length and blind area must be taken into account. According to Eq. (3), with a 30 MHz center frequency, the maximum detection length is about 100 meters and the blind area is 3.3 m, which meets the diagnostic needs. With this center frequency of 30 MHz and the frequency spectrum of 60 MHz, considering the Shannon Theory and the requirement of fault locating error, the sampling frequency needs to be higher than 120 MHz. Suppose the maximum detection length is 100 m and the detection location error is less than 0.5 m, the sample frequency f n should be higher than 200 MHz according to Eq. (2) . Considering the influence of detection location error and hardware cost, the sampling frequency f n is chosen as 240 MHz, which leads to detection error of 42 cm.
For reflectometry methods, there is always a blind area in detection. Fig. 3(a) shows the schematic diagram of the sidelobes of SSTDR. It can be seen that the blind area is within the main lobe width. When the fault occurs in this area, the amplitude and location of the two peaks will change and this will influence the extraction of fault information, as shown in Fig. 3(b) , due to the superposition between autocorrelation wave head and the cross-correlation wave head.
From the principle of SSTDR, the detection blind area is equal to one carrier cycle, that is, the length of a PN code chip. The expression of blind area is:
where f c is the frequency of PN code, equal to 30 MHz. So the length of blind area is 3.33 m. Due to space limit and focus of our research on non-intrusive inductive coupling, the study of blind area is not included in this paper and will be one of our future research topics.
B. Non-Intrusive Inductive Coupling
Taking aeronautical power supply system as an example, Fig. 4 shows the diagram of SSTDR-based non-intrusive inductive coupling cable fault diagnosis and Fig. 5 shows its equivalent circuit. Ferrite cores with high enough relative permeability are inductive couplers installed on the signal line and the test cable. Based on the transformer theory, the signal line and the test cable act as the primary side and the secondary side of the transformer, respectively.
Under the effect of coupler, the incident signal in the signal line is coupled into the test cable. In the same way, the reflected signal in the test cable is coupled into the signal line. Through the incident signal and the coupled reflected signal in the signal line, cable fault can be detected. Fig. 6 shows the working principle of the coupler. According to the theory of self and mutual inductance, an electromotive force (emf) is induced in the test cable by the signal line. When the signal line has current i 1 , magnetic flux φ 11 is produced. Because of ferrite's high relative permeability (μ r >>1), the magnetic field mainly exists in the ferrite core and almost all magnetic flux couple the test cable. Fig. 7 shows the inductive coupler model that is established in ANSOFT MAXWELL. The cable type is AF250 and the material of inductive coupler is HF100. The inner diameter, outer diameter, and length of the coupler are 6.5 mm, 12.5 mm, and 28 mm, respectively. Electromagnetic field simulation shows the coupling coefficient is 0.996261. Then we have, 
The inducted emf u 21 of the test cable is:
Note that u 1 is the voltage of the signal line. Equation (6) indicates that, under ideal case, the signal in the signal line is successfully coupled into the test cable. Similarly, the reflected signal on the test cable will be coupled into the signal line.
C. Directional Coupling
As mentioned early, the signal coupled into the test cable transmits to the power source and the load. To address the impedance mismatch of power source, trappers are used to restrict the transmission of the signal to power source [13] .
In the inductive non-intrusive cable fault diagnosis, a capacitive trapper is employed as shown in Fig. 4 . In the circuit, the capacitive trapper and power source are in parallel. The trapper's impedance is close to zero for high frequency signals so that the incident and reflected signals do not transmit to the power source. On the other hand, since the impedance of the trapper is very large for low frequency signals, it does not affect the low-frequency or direct current power signals. To deploy the capacitive trapper, copper rings are installed both on the test cable and the ground line. The capacitive trapper is composed of the ring, the cable's insulation, and cable's conductor.
According to the principle of capacitive trapper, the value of trapper's impedance is 1/jωC, where ω is the angular frequency of the incident signal and C is the capacitance of the trapper. In this paper, the center frequency of the incident signal is 30 MHz. Theoretically, the trapper should have zero impedance, which cannot be achieved in practice. In this paper, the trapper is designed to make its impedance less than 5 Ω. According to Eqs. (7) and (8), if the capacitive reactance of the capacitor is less than 5 Ω, the capacitance value must be greater than 1nF. In this research, the accurate design value of the capacitance of the trapper is determined by trial-and-error in simulations.
The simulation is set as follows (see Fig. 8 ): the power is 28 V direct current, the impedance of the load is 27 Ω, L 1 (distance between the detection device and the power source) is 4 m, and an open circuit fault is located at 12 meters from the detection point. The fault diagnosis results with different capacitance values of the capacitive trapper are compared. Fig. 9 shows the simulation results of cross correlation of the incident and the reflected signals with different capacitance values of the trapper. Fig. 9 (a) and (b) show that, when the capacitance is smaller than 1 nF, there are reflected waves caused by the impedance mismatch from the power source. The correlation values of the reflected wave from power source can be larger than that of the reflected wave from the fault point, which can result in misjudgment in diagnosis. On the contrary, when the capacitance is larger than 1 nF, the effect of power source impedance mismatch becomes trivial and the cable fault can be detected correctly, shown in Fig. 9(c) and (d) . 
A. Influence Factors of Inductive Coupling Effect
Relative permeability μ r of the magnetic core has a great effect on coupling property. The larger the relative permeability is, the larger the mutual inductance is. To guarantee stable signal coupling, mutual inductance value needs to reach a certain threshold. In this paper, nickel zinc (NiZn) ferrite materials are adopted. According to Ampere's law, we have:
where I is the current in the closed loop, B is the magnetic induction intensity, μ 0 is the permeability of vacuum. Take the maximum carrying current I max into consideration, when the trapper is not saturated, the inner radius of trapper r min must make Eq. (10) hold:
where B s is the saturated flux density of the magnetic core. Assume that the saturated flux density of NiZn is 280 mT, the minimum inner diameter of the core is 10 millimeters, and the maximum current of the test cable is 10 A, the relative magnetic permeability should be larger than 1400 according to Eq. (10). In this paper, Ferrite's material HF70 is adopted and its parameters are listed in Table I .
To ensure the function of signal coupling and impedance matching, the signal line uses the same material as that of the test cable. The number of turns is 1 for both signal line and test cable due to the structure of coupling.
Since ring-shaped ferrite core has the biggest mutual inductance and the best signal coupling effect [24] , separated cylindrical Ferrite core is employed in this paper.
B. Analysis and Design of Inductive Coupler
According to Eq. (5), self-inductance is the ratio between the flux linkage of the conductor and the current through the conductor. The flux measured is comprised of conductor's internal flux and external flux. So the distributed inductance L 0 is the sum of inner distributed inductance L i and outer distributed inductance L e [26] .
With the cable being sleeved with magnetic ring, Fig. 10 shows the cross section of the magnetic ring and the cable. According to the conjunction condition in magnetic interface and Ampere's Loop Law, with S being the area of the section and l th being the length of magnetic ring, mutual inductance M is equal to the sum of external inductance L e and the inner inductance L i .
The internal inductance is determined as follows. The magnetic field strength H x from x of the wire axis is calculated as:
The total flux linkage of the length of the conductor per unit length is calculated as:
The total flux of the inner length of the conductor is:
The conductor is non-ferromagnetic material, which leads to μ = μ 0 , The inner distributed inductance L i of the unit length conductor is:
Similarly, the outer distributed inductance L e can be obtained as:
The distributed inductance L 0 , which is the sum of the inner distributed inductance and the outer distributed inductance, can be obtained as:
Actual mutual inductance that is needed in the non-intrusive coupling cable fault diagnosis can be calculated as follows:
where u is the amplitude of the incident signal. The aircraft has a 28 V DC power system and the voltage fluctuation is about 1.5 V. To make sure that the incident signal does not affect the normal voltage signals carried by the cable and it satisfies the maximum detection length, the amplitude of the incident signal is set as 1 V. The center frequency of the incident signal is 30 MHz and the characteristic impedance of test cable is 100 Ω. To ensure that the induced emf in the test cable is 1 V, mutual inductance M is calculated as:
This indicates that the mutual inductance needs to be larger than 1μH. To verify the analysis, simulation is conducted on the mutual inductance of the coupler as shown in Fig. 4 . By replacing the inductive coupler with mutual inductance and setting the mutual inductance as 0.5 μH, 1 μH, and 2 μH, Fig. 11 shows the comparison between contact detection and non-intrusive coupling cable fault detection.
The simulation results indicate that the larger the mutual inductance, the closer the results between contact and nonintrusive cable fault diagnosis. For mutual inductance larger than 1 μH, the non-intrusive coupling diagnosis has very similar results with the contact diagnosis in terms of fault type and fault location.
With this conclusion, Table II shows the size and parameters of the coupler.
Furthermore, Table III compares the distributed inductance of the cable with coupler by finite element simulation, physical measurement, and theoretical analysis from Eq. (10). The comparison shows that the theoretical analysis is close to the simulation and measurement, which indicates that the coupler meets the desired performance of signal coupling. 
C. Analysis and Design of Capacitive Trapper for Power Source Impedance Mismatch
In practice, the cable's insulation is not absolutely uniform, flat, and straight. There exists air in the gap between copper ring and cable's insulation. Since air's permittivity is much smaller than that of the insulation, it will decrease the capacitance of the capacitive trapper and deteriorate the signal coupling. To address this problem, soft rubber is used to fill up the gap between the cable and copper ring. Fig. 12 illustrates the cross section diagram of cable with trapper, ε 1 and ε 2 are the relative permittivity of the cable insulation and the soft rubber, respectively, ε 0 is the permittivity of vacuum, R a , R t , and R b are the radius of cable conductor, outer radius of cable insulation, and inner radius of copper ring, respectively.
According to the Gauss' theorem, the electric field intensity E of the cable conductor and the copper ring is calculated as:
where λ is the trapper's electric quantity per unit. The electric potential φ 1 (between inner diameter and outside diameter of cable insulation) and ϕ 2 (between outside diameter of cable insulation and inner diameter of copper ring) are:
The electric potential difference between the copper ring and the cable conductor is the sum of two parts. Then, the capacitive trapper value is calculated as:
where Q is the electric charges between the cable conductor and the copper ring, L copper is the length of copper ring. Take cable AF250 as an example, Table IV shows the parameters of the copper ring for the design of the capacitive trapper. For the fabricated capacitive trapper in Fig. 13 , Table V shows the comparison among physical measurement (by LCR meter), finite element simulation, and theoretical analysis. In analysis and simulation, ε 1 and ε 2 are set as 2.08 and 3, respectively. Table V are very close to each other. However, affected by the trapper's volume, processing technology, size, and the material of the test cable, the values of practical designed trapper are smaller than the value needed in cable fault detection, as stated in Section II.C (1nF) and mentioned in reference [23] . This will be addressed in Section IV.C.
It is clear that the capacitance values shown in
IV. SIMULATION OF INDUCTIVE DIRECTIONAL CABLE FAULT DIAGNOSIS
A. Attenuation Characteristics of Non-Intrusive Coupling Cable Fault Diagnosis
Different from ideal transformer, parasitic parameters in an inductive coupler will result in attenuation in the process of signal coupling. Too much attenuation will make the amplitudes of reflected signals too small to be detected. To enable fault detection, the attenuation characteristics of inductive coupling needs to be studied. For this purpose, power source impedance mismatch is ignored temporarily to facilitate the analysis, which will be discussed in Section IV.C. Figure 14 shows the equivalent circuit of the inductive coupling non-intrusive cable fault detection system, in which R is calculated as 32.09 Ω and X L as 2.85 Ω.
From this figure, we have,
where A 1 and A 2 are undetermined coefficients, and γ is the propagation coefficient, which can be calculated as:
With the source and terminal conditions, the voltage of the test cable at a given location x from the initial point B can be calculated as follows:
where
is the spread spectrum signal, Z c is the characteristic impedance, which is constant at high frequency (1MHz<f<300GHz), and Γ s and Γ L are reflection coefficients of initial point and terminal point, respectively, which are given as:
Based on the superposition theorem, the amplitude of signal at point A, s A , can be calculated by the spread spectrum signal s(t) and the signal amplitude at point B, s B ,
Note that s B is the voltage signal calculated from Eq. (32) with x being equal to zero. Correlation of s A and s(t) is calculated as:
(28) where τ 1 is the delay time of the reflected signal compared with the incident signal, α 0 is the amplitude of the incident signal after correlation, and α 1 is the amplitude of the reflected signal after correlation.
According to Eqs. (32) and (33), α 0 and α 1 can be calculated as follows: So the reflection coefficient is 0.485. This indicates that the coupled reflected signal is attenuated. Compared with the successful application of SSTDR for open circuits of two AWG 22# wires with reflection coefficient of 0.375 [7] , our design has a much higher reflection coefficient and is feasible in the non-intrusive inductive coupling cable fault diagnosis.
To illustrate the advantages of inductive coupling, the comparison of reflection coefficient with capacitive coupling is given as below. According to [23] , the maximum value of capacitive coupler is 3.0 pF/cm. Suppose that the length of the capacitive coupler is 5 cm, the value of non-contact capacitance is 15 pF. Then, X C is calculated to be 354 Ω, Γ s = −0.87, Γ L = 1, and the reflection coefficient of capacitive coupling is:
The comparison shows that the reflection coefficient of the capacitive coupling is much smaller than that of the inductive coupling. The conclusion is that inductive coupling has much smaller signal attenuation and, therefore, is more suitable for non-intrusive coupling cable fault diagnosis.
B. Simulation of Inductive Non-Intrusive Coupling Cable Fault Diagnosis
For simulation verification, Fig. 15 shows the simulation result of detecting an open circuit located at 4.75 m from the initial point. It shows clearly that inductive coupling non-intrusive method detects an open circuit located at 4.95 m. The position error is 20 cm, which is in the theoretical error range. The value of the reflection coefficient is 0.465, which is close to theoretical analysis. On the contrary, capacitive coupling non-intrusive method has position error of 61 cm, which is larger than the theoretical error. The peak amplitude of the correlation is 0.12, which can easily lead to false alarm or missing detection. The signal attenuation in capacitive coupling is larger than that in inductive coupling, which is consistent with the mathematical analysis and verifies the advantages of the non-intrusive inductive coupling cable fault diagnosis.
C. Simulation of Directional Non-Intrusive Coupling Cable Fault Diagnosis
In Section III.C, the capacitance of the capacitive trapper (9.33pF) is smaller than the required theoretical value (1nF). Fig. 16 shows the simulation results with 9.33 pF for open and short circuits located at 5.7 m from the initial points. It is clear that, because of small capacitive trapper value, the cable fault characteristics are almost invisible and faults cannot be detected.
With center frequency of test signal being 30 MHz, the capacitive reactance with the capacitance of 9.33 pF is 568.6 Ω, which is much larger than the trapper impedance of 5 Ω, given in Section II.C, the trapper will not be able to restrict the signal from transmitting to the power source. According to the theory of transmission line, when a signal transmits to the capacitive trapper, part of the signal will be reflected and part of the signal will be transmitted. In that case, the reflected signal will be attenuated and become too small to detect cable faults.
To solve this problem, an inductive coupling method with two couplers is developed, as shown in Fig. 17 . Instead of coupling out the reflected signal with coupler 1, it is coupled out with coupler 2.
The correlation between the incident signal and the reflected signal can be used for fault detection and localization. The signals at point A include the unattenuated incident signal S 1 , the attenuated incident signal S 2 , and the attenuated reflected signal S 3 . The attenuation coefficients, β 1 = S 3 /S 1 and β 2 = S 2 /S 1 are both less than 1 because of the attenuation. Then we have:
Here, s(t) is the incident signal and T is the period of the incident signal. The ratio of α 1 and α 0 can be calculated as:
As the amplitude of S 1 is much larger than that of S 2 and S 3 , the peak of the cross-correlation at the initial point will be much larger than the peak of the cross-correlation at the fault location. This very small peak of the cross-correlation at the fault location will make fault detection very difficult. With two couplers in the design, cross-correlation is conducted at Point B with signals consisted of the attenuated incident signal S 2 and the attenuated reflected signal S 3 .
(34) The ratio of α 1 and α 0 can be calculated as:
The value of β 1 /β 2 is bigger than β 1 , which is verified by Eq. (36). The peaks of the cross-correlation at the initial point and the fault location are comparable. That is, the peak of the cross-correlation at the fault location can be easily detected. Therefore, it is effective to use two couplers to realize inductive coupling non-intrusive cable fault diagnosis.
Based on the above analysis, Fig. 18 shows the same simulation as in Fig. 16 but with two couplers. It is clear that the amplitude of the reflected signal is greatly improved, which is marked by the dotted line.
V. EXPERIMENT OF INDUCTIVE DIRECTIONAL CABLE FAULT DIAGNOSIS
In this section, experiments of open and short fault modes are conducted to verify the proposed approach. Fig. 19 shows the experimental platform, where the power supply voltage is set to DC 28 V, and the load and the current limiting resistor are 27 Ω. The diagnostic device is shown in Fig. 20 , which includes the SSTDR detector, the inductive coupler, the capacitive trapper, the test cable, and impedance matching networks. The hardware design is shown in Fig. 21 . The incident signal is generated by the detection signal generator in the FPGA. The amplitude is adjusted by the ADC and the conditioning circuit. It is coupled into the cable through the coupler. When there is a fault in the cable, the signal receiver in the FPGA receives the reflected signal. By correlating the incident signal with the reflected signal, the fault information is extracted and uploaded to the computer for display. diagnostic waveform is greatly disturbed due to the effect of capacitive trapper with small capacitance, the analysis of peaks outside the blind area shows that the magnitude of the first peak is obviously larger than that of the second peak. This makes fault detection easier and avoids the misjudgement of fault location caused by the second peak. Fig. 23 shows the experiment of cable fault diagnosis with an open circuit at 8.00 m, it is clear that the amplitude of the reflected wave obtained by inductive coupling diagnosis is larger than that of capacitive coupling, and the location error is smaller.
More experiments are conducted and statistical results are summarized in Table VI. From the experimental results, the location error of capacitive coupling is outside the range of theoretical locating error. Moreover, due to the large attenuation in coupling, the detection rate reduces as distance between the signal source and the fault location increase, which is only about 80% for a fault locates at 15.10 m. In order to get the detection rate, we conducted 100 experiments in each group. The percentage of correct detection of fault mode is recorded to determine the detection rate. Compared with capacitive coupling, the inductive coupling attenuation is smaller. As a result, the locating error is within the theoretical error and the detection rate is higher than capacitive coupling. The results show that the performance of inductive coupling is better than that of capacitive coupling. This verifies the feasibility and effectiveness of inductive coupling for non-intrusive cable fault diagnosis.
Our conclusion from these results is that the proposed inductive directional non-intrusive coupling cable fault diagnosis is able to detect open and short circuit faults with high accuracy in fault location.
VI. CONCLUSION
In this paper, an integrated non-intrusive cable fault on-line detection method that combines inductive coupling with capacitive trapper is proposed. The proposed approach improves the feasibility and accuracy of non-intrusive cable fault detection. By adding a capacitive trapper at one side of the coupler, directional transmission of the detection signal is achieved, which solves the issue of detection error caused by power source impedance mismatch. Our contributions include the following findings:
1) The inductive coupling has advantage over the capacitive coupling in that it results in small signal attenuation; 2) For the proposed non-intrusive inductive coupling cable fault diagnosis, although an inductive coupler is used for signal coupling, a capacitive trapper is required to restrict the detection signal from transmitting to power source and to eliminate the effect of power source impedance mismatch; 3) To achieve directional coupling, mutual inductance of the inductive coupler and capacitances of the capacitive trappers need to be larger than their respective thresholds, which depend on materials and signals; 4) The inductive coupling with two couplers and impedance matching network is needed to make sure the amplitude of the reflected signal is large enough for detection. A series of theoretical analysis, simulation, and experiments are presented for different cable fault scenarios to demonstrate the effectiveness of the proposed approach, which can be extended to other reflectometry-based fault detections. Our future work will focus on non-intrusive online detection of the intermittent cable fault and degradation in insulation and methods to address blind area in fault detection.
